Maintaining the proteome to preserve the health of an organism in the face of developmental changes, environmental insults, infectious diseases, and rigors of aging is a formidable task. The challenge is magnified by the inheritance of mutations that render individual proteins subject to misfolding and/or aggregation. Maintenance of the proteome requires the orchestration of protein synthesis, folding, degradation, and trafficking by highly conserved/deeply integrated cellular networks. In humans, no less than 2000 genes are involved. Stress sensors detect the misfolding and aggregation of proteins in specific organelles and respond by activating stress-responsive signaling pathways. These culminate in transcriptional and posttranscriptional programs that up-regulate the homeostatic mechanisms unique to that organelle. Proteostasis is also strongly influenced by the general properties of protein folding that are intrinsic to every proteome. These include the kinetics and thermodynamics of the folding, misfolding, and aggregation of individual proteins. We examine a growing body of evidence establishing that when cellular proteostasis goes awry, it can be reestablished by deliberate chemical and biological interventions. We start with approaches that employ chemicals or biological agents to enhance the general capacity of the proteostasis network. We then introduce chemical approaches to prevent the misfolding or aggregation of specific proteins through direct binding interactions. We finish with evidence that synergy is achieved with the combination of mechanistically distinct approaches to reestablish organismal proteostasis.
ukaryotic protein homeostasis, or proteostasis, is maintained by a diverse and complex network of integrated functions that sometimes synergize and sometimes compete to regulate the function of the proteome (Morimoto 1998; Morimoto and Cuervo 2009; Powers et al. 2009; Jarosz et al. 2010; Taipale et al. 2010) . Compartment-specific stress-responsive signaling pathways regulate the function of this network, using sensors that can detect higher than normal levels of protein misfolding or aggregation (Didomenico et al. 1982; Morimoto 1998; Schroder and Kaufman 2005; Marciniak and Ron 2006; Ron and Walter 2007; Westerheide et al. 2009 ). In general, activation of stress-responsive signaling pathways in particular cellular compartments results in the synthesis and/or activation of regulators that orchestrate programs to enhance the proteostasis capacity of that compartment. Folding capacity almost always increases in concert with degradation capacity, highlighting the delicate balance between protein production, folding, and degradation Morimoto and Cuervo 2009; Lee et al. 2010) . Another key feature of stress-responsive signaling pathways is reduced transcription of normal cellular messages, reduced splicing of normal transcripts, and reduced translation of preexisting mRNAs (Yost et al. 1990; Shang et al. 2007; Ghosh et al. 2010) . Importantly, these mechanisms sharply decrease the load on the proteostasis network and ensure the maximum possible response rates (Yost et al. 1990; Ron and Walter 2007; Shang et al. 2007; Ghosh et al. 2010) . As proteostasis is restored through these highly orchestrated responses, regulatory pathways return to normal.
Concepts integral to systems biology must be invoked to comprehend the diverse functions and regulatory strategies harnessed by the proteostasis network (Vidal et al. 2011 ). Ribosome-associated chaperones (Maier et al. 2005; Merz et al. 2008) hand off proteins to multiple folding assistants including the HSP70-Hsp40-nucleotide exchange factor folding pathway, the Hsp90-cochaperone folding pathway, or the TRiC chaperonin folding pathway in the cytosol (Ellis and Hartl 1999; Young et al. 2004; Tang et al. 2007; Voisine et al. 2010) . How these work together as a system and in what order is poorly understood. The ubiquitin proteasome system is intimately linked to each of these chaperone systems by kinetic partitioning: futile attempts at folding eventually redirect terminally misfolded substrates to degradation (Lecker et al. 2006; Finley 2009) . This both rids the cell of dangerous aggregation-prone species and reduces the load on the system. Similar partitioning decisions link futile attempts by chaperone pathways to fold proteins to lysosomal degradation via autophagy (Kruse et al. 2006; Wong and Cuervo 2010; Arias and Cuervo 2011) . There appear to be compensatory mechanisms that up-regulate autophagy when the proteasome is impaired and vice versa (Lamark and Johansen 2010; Zhu et al. 2010; Chen and Yin 2011) .
Although we are far from a complete understanding of the system-level functions of the proteostasis network and its regulation, we now know enough about the control in the proteostasis network to begin to manipulate it to alleviate the deficiencies of proteostasis that lead to specific diseases (Westerheide et al. 2004 (Westerheide et al. , 2009 Westerheide and Morimoto 2005; Dai et al. 2007; Mu et al. 2008a,b; Cowen et al. 2009; Powers et al. 2009; Whitesell and Lindquist 2009; Tsaytler et al. 2011) .
Importantly, the aggregation and misfolding of individual vulnerable proteins influence not only their own folding, but that of others sharing common proteostasis pathways (Powers et al. 2009) . Even one mutated misfoldingprone protein can consume considerable capacity of the proteostasis network, and put other members of the proteome that require this capacity at risk of misfolding and aggregation (Gidalevitz et al. 2006) . In turn, this leads to wider proteome misfolding or aggregation, if stress-responsive signaling cannot efficiently rebalance the system to match the network's capacity with demand ). For reasons not well appreciated, organismal aging seems to attenuate stress-responsive signaling, and this hampers efforts by cells of aged organisms to restore proteostasis (Morley et al. 2002; Cohen et al. 2006 Cohen et al. , 2009 Cohen et al. , 2010 Ben-Zvi et al. 2009 ). Thus, enhancing stress-responsive signaling with small molecules is one way to counter the influence of a misfolding-or aggregation-prone protein in an organism and holds high promise for increasing healthy lifespans (Westerheide et al. 2004 (Westerheide et al. , 2009 Mu et al. 2008b ).
Another approach is to make the energetics of a specific misfolding-prone proteins less problematic (Miroy et al. 1996; Sawkar et al. 2002 Sawkar et al. , 2006a Cohen and Kelly 2003; Hammarstrom et al. 2003; Razavi et al. 2003; Johnson et al. 2005b Johnson et al. , 2010 Tojo et al. 2006; Yu et al. 2007b; Choi et al. 2010a) . Because the sequence of a protein specifies its folding, unfolding, misfolding, and aggregation kinetics (the latter being concentration dependent), this would at first glance seem to require sequence reprogramming-the largely unrealized goal of gene therapy. However, the energetics of an individual mutant protein prone to misfolding can be selectively tuned, if the folded state of that protein has a hydrophobic depression or cavity to which a small molecule can bind (Miroy et al. 1996; Sawkar et al. 2002 Sawkar et al. , 2006a Cohen and Kelly 2003; Hammarstrom et al. 2003; Razavi et al. 2003; Johnson et al. 2005b; Tojo et al. 2006; Yu et al. 2007b; Choi et al. 2010a) . Small molecules that bind to the native state of mutant proteins lower their folding free energy and thus increase the folded population relative to the unfolded, misfolded, and aggregated states. This can also slow unfolding events that can lead to proteolysis or aggregation (Johnson et al. 2005b; Sekijima et al. 2006; Tojo et al. 2006) . Indeed, targeting a particular protein prone to misfolding with a small molecule that binds the native state can restore the proteostasis not only of the energetically compromised protein, but of other proteins that use the same proteostasis network components (Gidalevitz et al. 2006) . Unlike activators of stress-responsive signaling pathways, where one small molecule might be useful for multiple diseases (Mu et al. 2008b ), native-state-binding small molecules are protein specific (Miroy et al. 1996; Fan et al. 1999; Fan 2001 Fan , 2003 Sawkar et al. 2002; Hammarstrom et al. 2003; Razavi et al. 2003; Sekijima et al. 2006; Tojo et al. 2006) .
General strategies for rebalancing proteostasis are appealing because small shifts might be capable of ameliorating complex multifaceted problems and hold particular promise in combating aging-associated maladies. However, proteostasis networks are finely tuned and highly integrated, hence manipulating them does raise the specter of unintended side effects. Hence, both general and specific strategies are being explored and are exemplified below.
General Introduction to Protein Folding
Proteins are macromolecules made up of aamino acid residues connected together by amide bonds. They range in size from approximately 35 to more than one thousand amino acid residues and are often composed of more than one independently folding domain. The biosynthesis of proteins occurs on the ribosome, a complex riboprotein nanomachine that translates messenger RNA into a polypeptide chain. The linear synthesis of proteins performed by the ribosome in the amino-to carboxy-terminal direction allows individual domains to fold and/or be engaged by proteostasis network components (e.g., chaperones) before the entire protein is synthesized (Junker et al. 2009 ). The unique three-dimensional structures adopted by proteins enable their highly diverse functions, including acting as catalysts, intricate machines, and scaffolds of diverse cellular architectures. Many proteins assemble into larger quaternary structures either after or coincident with folding. Proteins also often contain at least one intrinsically disordered domain that enables the protein to participate in proteinprotein interactions with multiple protein partners, e.g., with proteins comprising a signaling cascade (Dyson and Wright 2005) .
The chemical information encoded by the a-amino acid sequence can be sufficient to enable the incredible process of protein folding to occur autonomously. Anfinsen won the Nobel Prize for demonstrating that small nonmembrane proteins can fold spontaneously at the low concentrations and temperatures used in experiments conducted in vitro (Anfinsen 1973 ). In the cell, protein folding is much more challenging than in a test tube owing to the very high protein concentration (300 mg/ mL) (Ellis and Hartl 1999; Ellis and Minton 2006) . This molecular crowding can lead to protein aggregation when partially folded states derived from the same protein or different proteins inappropriately interact. Thus, protein folding in the cell generally requires the assistance of the proteostasis network to be efficient (Young et al. 2004; Powers et al. 2009 ). In addition, proteostasis network enzymes catalyze or accelerate chemical processes like peptidyl-prolyl amide bond isomerization required for protein folding, which when uncatalyzed is simply too slow to support life.
On folding, multiple polypeptide chain reversals allow proteins to adopt compact structures stabilized by thousands of weak intramolecular electrostatic and hydrophobic interactions (Jager et al. 2001 (Jager et al. , 2008 Deechongkit et al. 2004) . These interactions stabilize the folded ensemble-the conformationally related family of structures that comprise the functional or native state of nearly all proteins. The unfolded ensemble of conformations generated by the ribosome prior to folding has exposed hydrophobic side chains that are eventually desolvated and pack to make up the hydrophobic core of the protein. This process is aided by chaperones, which recognize the disproportionate number of contiguous exposed hydrophobic side chains found in unfolded but not folded ensembles (Ellis and Hartl 1999; Young et al. 2004; Ellis and Minton 2006) . The unfolded ensemble is prone to aggregation if not bound by chaperones (Maier et al. 2005; Merz et al. 2008 ).
Most proteins show folding free energy diagrams that can be thought of as having a funnel shape ( Fig. 1) (Onuchic and Wolynes 2004; Oliveberg and Wolynes 2005) . The X and Y dimensions represent the conformational diversity in unordered or partially ordered ensembles of structures, whereas the Z-axis tracks energy. The folding funnel view of structure acquisition makes it clear that there are multiple pathways for arriving at the folded ensemble, and when the surface is rough, partially folded intermediates are populated (confirmed by experiments) that can be prone to aggregation and proteolysis (Onuchic and Wolynes 2004; Oliveberg and Wolynes 2005) . Therefore, when proteostasis network capacity is sufficient, unfolded and partially folded ensembles are engaged by chaperones (Ellis and Hartl 1999; Young et al. 2004) .
Folded proteins are generally only -3 kCal/ mol (ratio of folded to unfolded is 160) to -7 kCal/mol (ratio of folded to unfolded is x.y Â 10 z ) more stable than their unfolded ensembles. The small free energy of stabilization enjoyed by the folded conformational ensemble relative to the unfolded ensemble reflects the small difference between the large conformational entropy Energy landscape perspective on protein folding. In this view, individual positions in the X-Y-planes correspond to different protein conformations, which diminish in number as the polypeptide chain forms increasing numbers of native intrachain hydrophobic and electrostatic contacts, lowering the internal free energy as the protein approaches its native state conformational ensemble along the Z-axis. (A) A smooth folding funnel reveals the numerous pathways that a polypeptide chain can take to reach the folded conformational ensemble, reflected by the arrows moving down the folding free energy diagram. (B) A rougher folding free energy landscape also indicates that multiple parallel paths can be followed to reach the native state ensemble, however occasionally the polypeptide chain can get kinetically trapped in a folding intermediate (indicated by the red arrow).
S.L. Lindquist and J.W. Kelly penalty associated with restricting the polypeptide chain to a few closely related conformations in the folded ensemble and the favorable solvent entropy associated with protein folding, the so-called hydrophobic effect (Kauzmann 1959; Kuntz and Kauzmann 1974) . The hydrophobic effect drives protein folding by allowing thousands of water molecules to join the higher entropy liquid phase of water, on hydrophobic core formation associated with protein folding, rather than be required to form conformationally restricted ice-like structures to solvate hydrophobic side chains (Kuntz and Kauzmann 1974) . In the unfolded ensemble, the backbone amides hydrogen bond with water, whereas in the folded conformation backbone -backbone amides form hydrogen bonds. Backbone -backbone hydrogen bonds are electrostatic interactions. Thus, backbone -backbone hydrogen bonds placed in a desolvated hydrophobic environment in the folded ensemble contribute more enthalpically to the stability of the folded ensemble than backbone hydrogen bonds to water, analogously to desolvated salt bridges (Deechongkit et al. 2004) .
The same forces that drive intramolecular folding (including the hydrophobic effect mediated by hydrophobic side chain interactions and the liberation of ordered water molecules, backbone -backbone hydrogen bonding and salt bridge formation) also stabilize intermolecular complexes. Proteins that function as a complex are susceptible to aggregation when not bound to a partner, i.e., when freshly synthesized or when one component becomes limiting. Thus, the hydrophobic surfaces of naked (chaperone-free) partially folded proteins that are missing their partner need to be bound to chaperones to prevent the aggregation of proteins that make up a complex.
Proteins also have the ability to toggle between structurally related states in the folded ensemble of conformers. This allows one protein, e.g., an enzyme, to perform complex functions like substrate binding, stabilization of a transition state and product ejection. Switching between states in the folded ensemble, some of which have exposed hydrophobic side chains, also puts proteins, especially those at high concentrations, at risk for aggregation and proteolysis (Fig. 2) . Thus, there are specialized chaperones like the Hsp90s that bind to proteins (like the unliganded nuclear hormone receptors) with exposed hydrophobic side chains (Li et al. 2011; Richter and Buchner 2011) .
Folding is not over once it happens once: the folded ensemble is in dynamic equilibrium with the unfolded state throughout the life of the protein. This dynamic conformational behavior is important for protein function, as some proteins have to be unfolded postfolding to get them into cellular compartments (like the mitochiondria). All proteins have to be in an extended conformation to be degraded by proteases, such as the proteasome or lysosomal proteases, which recycle proteins into amino acids to be reused by the cellular machinery, including the ribosome, to remake proteins.
The ribosome is imperfect, thus mistakes in translation lead to proteins having the wrong amino acid sequence (Drummond and Wilke 2008; Powers and Balch 2008) . Some of these proteins can be very challenging if not impossible to fold, further consuming proteostasis network capacity (Drummond and Wilke 2008; Powers and Balch 2008) . Moreover, many of us inherit many proteins harboring missense mutations, some of which are folding deficient and capable of manifesting in misfolding or aggregation-associated diseases (Sawkar et al. 2006a) . A common genetic alteration in humans and other organisms is gene duplication and triplication, which is known to confer increased risk for aggregation-associated diseases as a consequence of taxing the proteostasis network.
Even for small proteins, there is a constant kinetic competition between unimolecular protein folding leading to function, unimolecular misfolding leading to loss-of-function and concentration-dependent aggregation (Mu et al. 2008b) . A main function of the proteostasis network is to maximize the efficiency of folding and function and to miminimize misfolding and aggregation that compromises function, or worse leads to loss-or gain-of-toxic-function misfolding diseases (Fig. 3) (Cohen and Kelly 2003; Powers et al. 2009 ).
Even when proteostasis network function is optimal, misfolding and aggregation still occurs and it is important that the proteostasis network degrade these states by directing these structures to the proteasome and/or the lysosome (autophagy) for degradation if proteostasis network mediated refolding is not possible (Finley 2009; Arias and Cuervo 2011) . Both misfolding and aggregation are favored by higher growth temperatures, such as at 378C, in which the human proteome has to fold and function. Because protein folding and unfolding occur throughout the life of a protein, and because of the high kinetic energy associated with collisions between proteins in the crowded cell, aggregation is particularly problematic.
The dynamic nature of protein folding, the modest intrinsic driving forces stabilizing the folded ensemble, and the ability to access nonnative and aggregated states when mistakes are made or when mutated proteins are inherited explain why the proteostasis network is required to assist and enable efficient protein folding in the cell. It follows that protein misfolding and aggregation are particularly problematic when proteostasis network capacity decreases, i.e., on aging (Morley et al. 2002; Cohen et al. 2006 Cohen et al. , 2009 Cohen et al. , 2010 Gidalevitz et al. 2006; BenZvi et al. 2009; Morimoto and Cuervo 2009 Figure 2 . A combined energy landscape for protein folding vs. aggregation. A slice through a rough folding free energy landscape diagram (in yellow) of the type depicted in Figure 1 , demonstrating that the population of a folding intermediate at high enough concentration can lead to the formation of aggregate structures (red arrow) having distinct structures and energies, some of which are more stable than the native state. The depicted intermediate could also be populated from conformational excursions from the native state ensemble. The aggregation free energy landscape (in red) is much rougher than the folding free energy diagram. (Figure adapted from Jahn and Radford [2008] and reprinted, with permission, from Elsevier # 2008.) signaling pathways and other cellular pathways and adjusted in real time if insufficient (Didomenico et al. 1982; Morimoto 1998; Westerheide et al. 2004 Westerheide et al. , 2009 Schroder and Kaufman 2005; Dai et al. 2007; Ron and Walter 2007; Prahlad et al. 2008; Whitesell and Lindquist 2009; Akerfelt et al. 2010; Jarosz et al. 2010) . The heat shock response stress-responsive signaling pathway is capable of sensing an abnormally high level of misfolded or aggregated proteins in the contiguous cytosolic/nuclear compartment. When sensed, this pathway triggers a transcriptional and posttranscriptional program that matches proteostasis network capacity with demand (Fig. 4) . To maintain sufficient proteostasis network capacity for cytosolic and nuclear proteins, the heat shock response stress-responsive signaling pathway reduces the load on the proteostasis network by stopping nonessential protein synthesis and degrading mRNA, whereas at the same time increasing the concentration of proteostasis network components through transcription and translation. Excess chaperone capacity, especially Hsp90 binding to the transcription factor heat shock factor-1 (HSF1), in combination with other regulatory mechanisms (acetylation and dephosphorylation of HSF-1) turn off heat shock response signaling when proteostasis network capacity exceeds demand ( Fig. 4) (Didomenico et al. 1982; Rieger et al. 2005; Westerheide and Morimoto 2005; Westerheide et al. 2009; Akerfelt et al. 2010) .
Although an understanding of the proteostasis network function of the cytosol from a systems perspective is lacking, we do have a largely complete parts list and a partial understanding of how some pathways within the cytosolic proteostasis network function (Hartl and Hayer-Hartl 2009) . The ribosome is a major and integral component of the cytosolic/ nuclear proteostasis network that has to be made from numerous RNA and protein components (Powers and Balch 2008; Mulder et al. 2010 ). An early and critical event in heat shock response signaling is the translation attenuation of nonproteostasis network components by the ribosome (Didomenico et al. 1982; Akerfelt et al. 2010) . Ribosome-associated chaperones like a-and b-NAC function to minimize the aggregation of several copies of the same protein undergoing translation from a The mammalian heat shock response stress responsive signaling pathway matches proteostasis network capacity with demand in the cytosol. The heat shock response is turned on by Hsp90 being recruited away from the transcription factor HSF1 to deal with aggregation and/or misfolding. This allows the HSF1 transcription factor to trimerize and be phosphorylated, which initiates transcription of genes harboring the heat shock response element (HSE). Phosphatases and acetyl transferase enzymes negatively regulate the heat shock response, as does Hsp90 expression that rebinds HSF1.
polysome (multiple ribosomes translating a single mRNA) (Maier et al. 2005; Merz et al. 2008; Albanese et al. 2010) . It has become clear that the structure of the polysome is such that the ribosome exit sites are positioned as far apart as possible in 3D space to minimize aggregation (Brandt et al. 2010) . The a-and b-NAC holdase chaperones (Maier et al. 2005; Merz et al. 2008; Albanese et al. 2010) likely hand off largely unfolded proteins to a variety of chaperone and chaperonin pathways. These include the workhorse Hsp70-Hsp40-nucleotide exchange factor folding pathways (Kampinga and Craig 2010) and the TRiC CCT chaperonin pathways (Tang et al. 2008; Zhang et al. 2010; Douglas et al. 2011) , respectively. It remains unclear to what extent the Hsp90 -cochaperone folding pathway primarily folds proteins-it is clear this pathway is critical for enabling largely folded proteins to bind ligands and perform complex functions (Li et al. 2011; Richter and Buchner 2011) . There are also non ATP-hydrolyzing enzymes, e.g., peptidyl prolyl isomerases, that also work in concert with the ATP hydrolyzing chaperone/chaperonin pathways to enable protein folding (Fischer and Schmid 1999; Edlich and Fischer 2006) . The small heat shock proteins and the NACs are examples of chaperones that partition between high-and lowaffinity states without using ATPase activity (Haslbeck et al. 2005) . Although it is clear that folding and degradation by the ubiquitin proteasome system and the lysosome, likely mediated by the process of autophagy, is linked to frustrated chaperone/chaperonin-mediated folding (DeMartino and Gillette 2007; Finley 2009; Kon and Cuervo 2010; Smith et al. 2011) , it remains to be worked out exactly how the degradation decisions are made. The degradation of aggregated and chronically misfolded proteins is critical to prevent depletion of that protein from the soluble pool and the sequestration of other functional proteins by aggregates to prevent a gain-of-toxic-function phenotype (Olzscha et al. 2011) , the origins of which are only partially understood.
It is important to realize that the vast majority of proteins that function in the mitochondria are encoded by the nuclear genome, and thus are handled by the nuclear/cytosolic proteostasis network before they are imported into the mitochondria by the TOM/TIM mitochondrial import machinery. The mitochondrial proteome, e.g., that of the electron transport chain, is particularly susceptible to damage by reactive oxygen species and therefore the stress-responsive signaling pathway unique to the mitochondria and transmitted to the cytosolic/nuclear compartment has to be vigilant for this type of misfolding and aggregation inducing modifications. Unlike the oxidizing environment of the secretory pathway (discussed below), that facilitates disulfide bond formation, the cytosol is a reducing environment; thus few cytosolic proteins have stabilizing disulfide bonds. The lack of stabilizing disulfide bonds allows more frequent excursions to unfolded and partially folded states, putting the cytosolic proteome at high risk of aggregation. This is especially true considering the very high protein concentrations found in the cytosolic compartment. Moreover, as mentioned below, this compartment makes riboproteins, which are particularly challenging to assemble owing to the large number of components and extremely complex topology. The central importance of ribosomes in physiology and the critical function of the conformationally fragile and aggregation-prone tumor suppressors in the cytosol and in the nucleus are but two of many reasons why the cytosolic/ nuclear proteostasis network function is so critical to organismal fitness.
Heat shock response signaling activators are appealing for rebalancing proteostasis in the cytosolic and nuclear compartments because small shifts might be capable of ameliorating complex multifaceted problems and hold particularly promise in combating aging-associated maladies (Morley and Morimoto 2004; Westerheide and Morimoto 2005; . However, it has been shown that heat shock response signaling is critical for the propagation of some cancers and for the emergence of drug resistant viruses Lindquist 2005, 2009; Dai et al. 2007; Geller et al. 2007) . Hence, activating the heat shock response could result in unintended side effects and therefore vigilance for mechanism-based toxicity from heat shock response activators in human clinical trials will be important.
ADAPTATION OF THE PROTEOSTASIS NETWORK TO AMELIORATE MISFOLDING AND AGGREGATION DISEASES Activating the Heat Shock Response and FOXO Signaling to Ameliorate Degeneration of Postmitotic Tissue Associated with Protein Aggregation
Aging is the single most important risk factor for the onset of aggregation-associated degenerative diseases, such as Alzheimer's disease, Huntington's disease, and Parkinson's disease (Morley et al. 2002; Chaney et al. 2003; Morley and Morimoto 2004; Cohen et al. 2006 Cohen et al. , 2009 Cohen et al. , 2010 Weissman et al. 2007; Tatsuta and Langer 2008; Ben-Zvi et al. 2009; Morimoto and Cuervo 2009; Schue 2009; Smaili et al. 2009; Douglas and Dillin 2010) . Aggregate accumulation largely targets the degeneration of tissues that cannot regenerate ( postmitotic tissues). The maintenance of protein homeostasis is challenged on aging because of the decreasing responsiveness of stress-responsive signaling pathways, increasing oxidative protein damage, and other factors that are only beginning to be understood from a mechanistic perspective, such as transcriptional attenuation of stress-responsive signaling (Zhang et al. 2004; Bieschke et al. 2006; Bosco et al. 2006; Ben-Zvi et al. 2009 ). There is a possibility that by pharmacologically restoring the proteostasis capacity of the cytosol to young adult levels in the aged, we could reverse numerous agedependent neurological diseases and perhaps other diseases such as cardiomyopathies and muscle wasting diseases Powers et al. 2009 ). In support of this hypothesis, below we summarize evidence that enhancing cytosolic proteostasis capacity alleviated proteotoxicity in organismal models of degenerative diseases linked to protein aggregation.
A reduction in insulin growth factor-1 receptor signaling allows the Daf-16 and HSF-1 transcription factors to enter the nucleus, extending the lifespan of Caenorhabditis elegans nearly twofold and that of mice by 30% (Arantes-Oliveira et al. 2002; Dillin et al. 2002; Morley and Morimoto 2004; Kenyon 2005) . In addition to the extension of lifespan, reducing insulin growth factor-1 receptor signaling (Fig. 5 ) also offers dramatic protection from proteotoxicity in worm and mouse models of Alzheimer's and Huntington's diseases (Morley et al. 2002; Cohen et al. 2006 Cohen et al. , 2009 Cohen et al. , 2010 .
High levels of insulin growth factor-1 receptor signaling negatively regulates HSF1, the transcription factor mediating the heat shock response responsible for maintaining cytosolic proteostasis introduced above (Morley and Morimoto 2004) . Substantial insulin growth factor-1 receptor signaling also negatively regulates Daf-16 (FOXO) that transcriptionally regulates metabolic enzymes/cytosolic proteostasis network components and influences degradation pathways (Fig. 5) (Arantes-Oliveira et al. 2002; Dillin et al. 2002) . Applying RNAi to the sole insulin growth factor receptor delays the aging-associated gain-of-proteotoxicity phenotype in C. elegans models of Huntington's and Alzheimer's diseases (Morley et al. 2002; Hsu et al. 2003; Morley and Morimoto 2004; Kenyon 2005; Cohen et al. 2006 ).
Huntington's disease is caused by expansion of a contiguous polyglutamine tract in exon 1 of the huntingtin protein (Gusella and MacDonald 2009) . When the polyglutamine expansion exceeds a threshold length of about 40 residues, aggregation and neurotoxicity can occur, with an age of onset that roughly inversely correlates with the length of the polyglutamine repeat in humans and organismal models. It has been surmised that the variability in the age of onset in Huntington's disease is a direct consequence of cytosolic proteostasis network capacity (Morley et al. 2002; Gidalevitz et al. 2006; Voisine et al. 2010 ).
Alzheimer's disease also appears to be linked to a more global loss of proteostatic control, as reflected by the intra-and extracellular aggregation of Ab and the intracytoplasmic aggregation of hyperphosphorylated tau protein, with an age of onset typically after the sixth decade in humans (Selkoe 2004 (Selkoe , 2008 Tanzi and Bertram Figure 5 . Reduced insulin growth factor signal enhances cytosolic proteostasis network capacity by activating the heat shock response and foxo signaling. The binding of a currently undefined ligand to the insulin/insulin-like growth factor receptor DAF-2 in C. elegans triggers insulin/insulin-like growth factor (IGF-1) signaling that negatively regulates the HSF-1 transcription factor and the FOXO transcription factor, DAF-16. Thus, reduced IGFR signaling permits increased HSF-1 and DAF-16 signaling which enhances proteostasis network capacity while also strongly influencing metabolism.
Approaches for Adapting Proteostasis
Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a004507 2005). As mentioned above, the transcription factor HSF1 is activated by reduced insulin growth factor-1 receptor signaling, which in turn results in a heat shock response, enhancing the proteostasis network capacity of the cytosol (Fig. 5) (Morley and Morimoto 2004; Westerheide et al. 2009) . It is notable that activating the heat shock response, along with the FOXO pathway, protects the organisms from the proteotoxicity linked to aggregation in Alzheimer's and Huntington's disease in animal models through mechanisms that are being sought, but appear to involve alterations in proteostasis (Morley et al. 2002; Hsu et al. 2003; Morley and Morimoto 2004; Kenyon 2005; Cohen et al. 2006 Cohen et al. , 2009 . What is interesting is that there are actually more Ab amyloid fibrils in the insulin growth factor-1 receptor RNAi treated worms than in the untreated worms, which show stark proteotoxicity, supporting other evidence in both Alzheimer's and Huntington's diseases that amyloid fibrils per se may not be central to pathology (Cohen et al. 2006) . Instead, the process of amyloidogenesis appears to be the genesis of the degeneration of postmitotic tissue (Cohen et al. 2006) . Currently, there is considerable focus on the aggregates that precede fibrils, so-called oligomers, as the proteotoxic species in these degenerative diseases, and it is important to probe the influence of these pathways on oligomer distribution (Lambert et al. 1998; Lashuel et al. 2002; Walsh et al. 2002; Selkoe 2008) . RNAi depletion of HSF1, preventing the heat shock response, or introduction of another misfolding-prone protein to consume proteostatic network capacity both exacerbate polyglutamine or Ab aggregation-associated proteotoxicity (Cohen et al. 2006; Gidalevitz et al. 2006) . Conversely, overexpressing certain chaperones, including Hsp70, Hsp40, and CCT, as another means to reestablish proteostasis suppresses aggregation-associated proteotoxicity in numerous neurodegenerative disease models (Namba et al. 1991; Auluck et al. 2002; Behrends et al. 2006; Kitamura et al. 2006; Tam et al. 2006) . We prefer activating the heat shock response stress-responsive signaling pathway to upregulate profolding, aggregation avoidance and prodegradation functions in concert to avoid the unanticipatable, potentially undesirable consequences of perturbing the proteostasis network by manipulating the concentration of an individual chaperone or the like.
Directing RNAi against downstream components of the insulin growth factor-1 receptor signaling pathway, e.g., against age-1 -a phosphoinositide-3 kinase, also mediates slowing of the aging process and an increase in cytosolic proteostasis network capacity in Q 82 -expressing worms, conferring protection from aggregation-associated proteotoxicity (Morley et al. 2002) . This result further shows that the adaptable biology of the proteostasis network, also apparently important for longevity, is critical for achieving a life free of degenerative diseases.
A reduction in insulin growth factor-1 receptor signaling as a means to ameliorate proteotoxicity and neuronal loss was also recently shown in a mouse model of Alzheimer's disease (Cohen et al. 2009) . These data show that increased HSF-1 and FOXO signaling to enhance the cytosolic proteostasis network capacity and protect against neurodegeneration can be extended to mammals. The mouse model features two Alzheimer's disease-linked mutated transgenes, both driven by the mouse prion protein promoter. These include a humanized version of mouse amyloid precursor protein harboring the two Swedish mutations preceding the Ab sequence and a mutated human presenilin-1 DE9 g-secretase component (Jankowsky et al. 2001) . Reduced insulin growth factor-1 signaling dramatically protected this murine model from Alzheimer's disease-like symptoms, including reduced neuroinflammation, neuronal loss, and behavioral impairments (Cohen et al. 2009) . As was also the case in the worm model of Alzheimer's disease, protection from proteotoxicity correlated with increased levels of Ab aggregates and increased plaque density, as revealed by the Ab kinetic aggregation assay (Cohen et al. 2009; Du et al. 2011) . These findings show that a reduced insulin growth factor-1 signaling-regulated mechanism that protects from Ab proteotoxicity is conserved from worms to mammals. Thus, modulation of this signaling pathway and/or the heat shock response may be a promising strategy for the development of Alzheimer's disease drugs for aged men and women (Cohen et al. 2006 (Cohen et al. , 2009 (Cohen et al. , 2010 . This is especially true since it was recently shown that a reduction in insulin growth factor-1 signaling also protected against neurodegeneration after the neurodegenerative phenotypes appear (Cohen et al. 2010) .
Activating Protein Degradation by the Proteasome to Reestablish Cytosolic Proteostasis
A plethora of evidence suggests that the accumulation of aggregated proteins in the cytosol appears to cause degenerative diseases, including Huntington's disease and Parkinson's disease, among many others (Selkoe 2004; Gusella and MacDonald 2009) . Thus, a recent paper demonstrating activation of the proteasome through USP14 small molecule inhibition represents a promising strategy to clear aggregated proteins and potentially ameliorate these maladies (Lee et al. 2010) . Cytosolically localized proteasomes are the primary mediators of ubiquitin-conjugated protein degradation-an activity regulated through poorly understood mechanisms. The proteasome-associated deubiquitinating enzyme USP14 inhibits the degradation of ubiquitin-protein conjugates both in vitro and in cells by deubiquitinating the proteasome-bound ubiquitinated client proteins. The active-site-directed thiol protease inhibitor 1-[1-(4-fluorophenyl)-2,5-dimethylpyrrol-3-yl]-2-pyrrolidin-1-ylethanone appears to only bind to activated USP14 docked on the proteasome, inhibiting the trimming of ubiquitin chains by USP14 (Lee et al. 2010) . This small molecule inhibitor of USP14 can enhance tau degradation in cells, highly relevant because the aggregation of tau is established to play a causative role in Alzheimer's disease. Because ubiquitin chain trimming of proteasome clients by USP14 seems to be a general, but not universal, mechanism for regulating protein turnover rates, future studies will be required to see how applicable this approach is to other disease-associated proteins that show a propensity for intracellular aggregation and proteotoxicity (Lee et al. 2010) . A modest reduction in cytosolic concentration of an aggregation-prone protein can dramatically inhibit aggregation owing to the high order concentration dependence of the kinetics of the aggregation reactions (Hurshman et al. 2004 ).
Altering Chaperone -Cochaperone Interactions to Enhance Degradation at the Expense of Folding in the Cytosol Chaperone-cochaperone systems can facilitate either folding or degradation and, as mentioned in the introductory section of this article, there is usually a balance struck between these two functions. To better understand how chaperones make this important triage decision, the Gestwicki laboratory has discovered small molecules that control the ATPase activity of Hsp70. Importantly, they designed their screens to reveal both inhibitors and activators to gain insight into how this enzymatic function regulates the fate (e.g., folding vs. degradation) of Hsp70-bound substrates Miyata et al. 2010) . Using this approach, they found that inhibitors of ATPase activity lead to proteasome-dependent degradation of microtubule-binding protein tau in a cell-based model (Fig. 6) , while activators of Hsp70 preserved normal cytoplasmic tau levels (Jinwal et al. 2009 ). Interestingly, Hsp70 ATPase inhibition did not lead to global protein degradation but, rather, the pharmacological effect seemed somewhat selective for tau (and a handful of other Hsp70 clients) and they appeared to avoid activation of a stress response (Jinwal et al. 2009; Koren et al. 2010) . The mechanisms if this selectivity are still under investigation; however, one aspect that is likely important is that these compounds do not impact ATP turnover by competitive mechanisms. Rather, they bind at protein -protein interfaces to more subtly tune the chaperone response by controlling cochaperone recruitment. For example, in collaboration with the Brodsky and Zuiderweg laboratories, they identified compound 115-7c and defined its ability to mimic Hsp40's ability to stimulate Hsp70's ATPase activity. This compound partially compensated for lack of Hsp40 function in yeast, further suggesting its role as an activator at an important protein-protein contact (Wisen et al. 2010) . Interestingly, NMR and mutagenesis studies reveal that the binding site for this small molecule is a site on Hsp70 that is adjacent to where the J-domain of Hsp40 binds. Accordingly, Hsp40 and compound 115-7c act in concert to stimulate Hsp70 ATPase activity. Based on these findings, the Gestwicki group has recently conducted more focused screens to identify additional molecules that regulate the Hsp70 -Hsp40 interaction. In these screens, a mixture of purified Hsp70 and Hsp40 was used as the target and, using this approach, they found that the identified inhibitors are enriched for those that target the Hsp70 -Hsp40 interaction without affecting other cochaperone contacts (Chang et al. 2011) . Based on these findings, the authors suggest that reconstituted chaperone-cochaperone complexes have the potential to be powerful drug targets and, by specifically controlling the way that cochaperones bind Hsp70s, features of proteostasis might be very selectively tuned Evans et al. 2010) .
Hsp-90 Inhibitors to Induce the Heat Shock Response
Because Hsp90 is established to negatively regulate the HSF1 transcription factor, preventing induction of the heat shock response, many have surmised that the Hsp90 inhibitors, currently in late stage clinical trials as anticancer agents, could be useful for heat shock response induction ( Triage decisions involving the Hsp70 -Hsp40 complex can be "tuned" using small molecules. By stimulating the Hsp70-Hsp40 interaction and Hsp70 ATPase activity, the stability of an Hsp70 substrate, tau, was increased. Alternatively, blocking the Hsp70 -Hsp40 interaction led to ubiquitination and degradation of tau. Figure  kindly provided by Jason Gestwicki.
Richter and Buchner 2011). However, since Hsp90 performs many useful functions, inhibiting it will likely cause aggregation and misfolding of many proteins ) and therefore may not be the best way to induce the heat shock response. Nevertheless, inhibition of Hsp90 might be useful if this stress is applied infrequently to increase the capacity of the organism to deal with chronic protein aggregation or misfolding.
The Proteostasis Challenges of the Endoplasmic Reticulum Secretory Compartment
Roughly one-third of the human proteome passes through, or resides in, the endoplasmic reticulum (ER) secretory compartment (Fewell et al. 2001; Schroder and Kaufman 2005; Ron and Walter 2007) . Proteins traffic through the ER to get to the Golgi, the lysosome, and the extracellular space-via highly dynamic networks of membrane-bounded vesicles. These bud from one subcompartment and fuse with the next in a tightly regulated fashion. The proteome of this multifaceted compartment faces all of the problems that proteins in the cytosolic/nuclear compartment encounter, including extreme crowding, the high kinetic energy of protein collisions that can facilitate aggregation, and the low folded state free energy of the secreted proteome that makes it susceptible to misfolding and degradation as well as aggregation, potentially leading to loss-and gainof-toxic-function diseases, respectively (Cohen and Kelly 2003; Mu et al. 2008b ). But in other respects, the ER represents a very different environment in which to create a proteome. Only recently have we realized that this difference likely originates from the early derivation of eukaryotic cells from the combination of archaeal and eubacterial lineages (Koonin 2010) . Hence, most of the secreted proteome that passes through the ER is cotranslationally modified by branched glycans attached to the side chain of Asn. So-called N-glycosylation is key to both folding efficiency and function for both intrinsic reasons (the conserved N-glycan makes native state and/or transition state stabilizing interactions with the protein (Culyba et al. 2011) ) and extrinsic reasons (N-glycosylated glycoproteins use glycan and protein binding chaperones that are only found in the ER) (Yoshida 2003; Williams 2006) . Moreover, the environment of the ER is highly oxidizing. Cysteine residues are almost always enzymatically oxidized into disulfide bridges in the ER and each must eventually find and pair with its correct partner-a process facilitated by enzymes that catalyze disulfide interchange reactions. These are problems of staggering proportions, and the proteostasis network of the ER, and secretory pathway more generally, is commensurately more complex. The ER versions of the Hsp70 and 90 chaperone families play important roles in folding, but proteins unique to the ER are equally critical: the lectin chaperones calnexin and calreticulin that help N-linked glycoproteins to fold (Ellgaard et al. 1999; Williams 2006 ), UDP-glucose-glucosyl transferase that allow N-linked glycoproteins to use the calnexin/calreticulin folding/degradation pathways more than once, and the glucosidases that target chronically misfolded proteins to ER-associated degradation (Williams 2006) . There are also numerous protein processing proteases, and protein disulphide oxidases, to name but a few (Schroder and Kaufman 2005; Ron and Walter 2007) .
All proteins residing in and passing through the secretory pathway more generally, are encoded by nuclear genes. These proteins are cotranslationally inserted into the endoplasmic reticulum (ER) through the translocon, a complicated machine that enables membrane proteins to be inserted into the membrane with the proper topology and ER soluble proteins to pass through the translocon in a largely unfolded conformation that is read out by the oligosaccharyl transferase enzyme that sometimes attaches an N-glycan en bloc when it detects an Asn-xxx-Ser/Thr "sequon" (Shan and Walter 2005; Johnson 2009; Larkin and Imperiali 2011) . There is no system for degrading misfolded proteins within the confines of the ER that we know of. Rather, proteins must either be exported back into the cytoplasm for degradation by the proteasome (Werner Brodsky and McCracken 1997; McCracken et al. 1998; McCracken and Brodsky 2003) or delivered by vesicle trafficking to the lysosome by one of several possible mechanisms (Kruse et al. 2006; Kon and Cuervo 2010) . Both pathways are complex and tightly regulated.
Stress-Responsive Signaling to Maintain Proteostasis in the Endoplasmic Reticulum and Beyond
For many years, it was mysterious how proteostasis problems within the membrane-bounded sanctuary of the ER could be perceived by, and responded to, by regulatory mechanisms involving transcription in the nucleus and translation in the cytoplasm. The solution is elegant: there are three key stress sensors/response regulators, IRE1, ATF6, and PERK (Fig. 7) , that have one domain in the ER and another in the cytoplasm (Schroder and Kaufman 2005; Ron and Walter 2007) . These regulatory systems are complex and involve a variety of inputs, but all involve an auto-regulatory mechanism (Li et al. 2010; Wiseman et al. 2010) . As misfolded proteins accumulate within the ER lumen they recruit away chaperones that negatively regulate each of the three stress sensors/response regulators. Ensuing changes in their conformations and/or quaternary structure transduce signals across the ER membrane to each protein's cytoplasmic effector domain (Fig. 7) (Schroder and Kaufman 2005; Ron and Walter 2007; Li et al. 2010) . As proteostasis problems are fixed, chaperone levels rise and regulatory networks revert to normal status.
Activation of IRE1 is achieved by dimerization and autophosphorylation. Activation of ATF6 is achieved by regulated proteolysis in the Golgi compartment. (Schroder and Kaufman 2005; Ron and Walter 2007) . Both proteins regulate the nuclear arm of the UPR. PERK alleviates protein folding problems in the ER in part by a distinct complementary route. Chaperone recruitment from PERK induces dimerization and autophosphorylation. The activated PERK phosphorylates the a subunit of the eukaryotic initiation factor 2 (eIF2a), which represses translation (Fig. 7) (Schroder and Kaufman 2005; Ron and Walter 2007; Tsaytler et al. 2011) reducing the misfolding and aggregation load on the ER proteostasis system (Schroder and Kaufman 2005; Ron and Walter 2007; Tsaytler et al. 2011 ).
Toward Amelioration of Lysosomal Storage Diseases in the Secretory Compartment
The lysosome is a central organelle for the degradatory recycling of proteins, glycolipids, glycoproteins and other biomolecules. Lysosomal storage diseases encompass nearly 50 inherited disorders that arise from deficiencies in individual lysosomal degradation enzymes (Sawkar et al. 2002 (Sawkar et al. , 2006a . The loss-of-function phenotype is often caused by excessive ER misfolding and ER-associated degradation of these mutant lysosomal enzymes (Fan 2001; Zhao and Grabowski 2002; Futerman and van Meer 2004; Mu et al. 2008b) . A promising therapeutic strategy for these diseases is smallmolecule activation of the unfolded protein response (UPR) in patient-derived fibroblasts. UPR activation increases chaperone and folding enzyme concentrations. Hence, these macromolecules function in part by binding to folding intermediates and transition states, thereby resculpting the folding free energy diagrams of proteins so as to maximize the population of the folded ensemble trafficked to the lysosome, while minimizing misfolding and aggregation ( Fig. 8) (Mu et al. 2008b) . Increasing mutant lysosomal enzyme activity to .15% of wild type levels will likely suffice to alleviate most lysosomal storage diseases, and UPR activation exceeds that threshold (Sawkar et al. 2006a; Mu et al. 2008b) , restoring mutant enzyme folding, trafficking, and lysosomal activity. The selectivity and specificity of second generation small molecules for activating a specific arm(s) of the UPR is likely to improve dramatically (Tsaytler et al. 2011) .
The apparent success of such strategies raises the question: Why is there not excess folding capacity in the ER lumen to begin with? Not only is it metabolically expensive to have excess proteostasis capacity in the ER lumen but limiting this capacity may be necessary to keep viral replication in check and to prevent cancer (Dai et al. 2007; Geller et al. 2007; Cowen et al. 2009; Whitesell and Lindquist 2009) . Does UPR activation, then, lead to mechanism-based organismal toxicity? Activation of the unfolded protein response has the potential to alter the physiological balance of the secreted proteome. However, recent whole-cell analysis of fibroblasts treated with UPR activators indicates that the vast majority of the secreted proteome shows unaltered concentrations (based on mass-spectrometry by the spectral counting quantification method) (Mu et al. 2008b ). This implies that the vast majority of the secreted proteome shows sufficiently fast folding, thermodynamic stability and slow misfolding and/or aggregation rates to ensure efficient folding at basal settings of the proteostasis network (Powers et al. 2009). Therefore, increasing ER lumenal proteostasis network capacity would have little influence on proteins already folding with high efficiency. In contrast, mutated N-glycosylated lysosomal enzymes fold very inefficiently and will therefore show increased folding, trafficking, and function on UPR activation Powers et al. 2009) . Because the UPR is the natural mechanism for cells to match proteostasis capacity with real-time demand in the secretory pathway, it is reasonable to surmise that modest periodic activation of the UPR will be both effective and generally nontoxic (Mu et al. 2008b) . Emerging evidence suggests that prototypical mechanisms for activating the UPR become muted with aging (Ben-Zvi et al. 2009 ). Cell nonautonomous stress-responsive signaling is a recent and important revelation (Prahlad et al. 2008 ; Kirstein-Miles and Morimoto 2010a,b) that we must better comprehend to optimally adapt such pathways for disease intervention.
CFTR and Cystic Fibrosis: A Case Study
Cystic fibrosis is the most common, deadly, inherited disorder affecting Caucasians in the United States and it is caused by point mutations Figure 8 . Small molecule activation of the unfolded protein response improves the folding, trafficking, and function of folding compromised secreted proteins. Small molecule activation of one or more arms of the unfolded protein response stress responsive signaling pathway (Fig. 7) in patient-derived fibroblasts partially restores mutant enzyme folding, trafficking and lysosomal activity in the case of mutated, misfolding-prone enzymes associated with distinct lysosomal storage diseases. Chaperones and folding enzymes, increased in concentration in response to activation of the unfolded protein response, bind to folding intermediates and transition states of proteins undergoing folding, resculpting the folding free energy diagrams of misfolding-prone enzymes so as to maximize the population of the folded ensemble, while minimizing misfolding and aggregation-increasing the concentration of properly folded mutant enzyme that can traffic to the acidic environment of the lysosome, the environment in which these enzymes were evolved to function. (Figure adapted from Mu et al. [2008] and reprinted, with permission, from Elsevier # 2008.) that compromise the folding of the cystic fibrosis transmembrane conductance regulator (CFTR), a chloride channel protein of the ABC transporter category that resides in the plasma membranes of many tissues including the lungs and the gastrointestinal tract (Riordan 1999 (Riordan , 2008 . The most common mutation, DF508, leads to substantial misfolding and ER-associated degradation early in the secretory pathway, resulting in insufficient Cl 2 channel activity in the lung (Qu et al. 1997; Riordan 1999 Riordan , 2008 .
Unlike lysosomal storage diseases, where misfolding occurs in the ER lumen itself, CFTR is a multipass transmembrane protein and the critical F508 residue is in one of its cytosolic nucleotide binding domains (Qu et al. 1997; Sawkar et al. 2005 Sawkar et al. , 2006a . Antibodies recognizing an epitope of DF508 CFTR and wt CFTR that is always unfolded were used in immunoprecipitation to define the proteostasis network that interacts with wt and DF508 CFTR (Fig. 9) (Wang et al. 2006 ). Figure 9 . Characterization of proteostasis network components used by the client protein cftr using immunoisolation followed by mass spectrometry. The cystic fibrosis transmembrane conductance regulator (CFTR) interactome (panels A and B) was characterized by immunoisolating both wild type and mutant (DF508) CFTR followed by characterization of the interacting proteins by MudPIT mass spectrometry. A DF508 CFTR folding intermediate in the cytosol appears to be sequestered by the Hsp90 chaperone -Aha1 cochaperone complex leading to endoplasmic reticulum-associated degradation and poor secretion (Panel C: note lack of C band reflecting CFTR on plasma membrane). Reducing the concentration of Aha1 enhances the folding of DF508 CFTR by altering the proteostasis network in such a fashion that it can now more efficiently fold DF508 CFTR. Figure kindly provided by William E. Balch.
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The DF508 CFTR folding intermediate in the cytosol appears to be strongly sequestered by the Hsp90 chaperone -Aha1 cochaperone complex (Wang et al. 2006) . Attempts to restore the CFTR proteostasis network with siRNA against Aha1, restored partial folding, trafficking and function (Wang et al. 2006) . Aha1 siRNA may function by adjusting the Hsp90 -Aha1 folding cycle period to match the altered folding kinetics shown by DF508 CFTR (Wang et al. 2006) . Alternatively, or in addition, Aha1 siRNA could alter the affinity of the tripartite interaction between Hsp90, Aha1, and the DF508 CFTR nucleotide binding domain 1 misfolded intermediate (Wang et al. 2006; Koulov et al. 2010) .
Separate pharmacological and genetic experiments found that reducing histone deacetylase 7 activity restores DF508 CFTR proteostasis in patient-derived cells (Hutt et al. 2010) . Hsp90 is regulated by histone acetyl transferases and histone deacetylases (HDACs) and plays a role in proteolysis as well as folding. Thus, HDAC effects on Hsp90 -Aha1 interactions might directly to influence DF508 CFTR proteostasis (Wang et al. 2006) . Acetylation could also regulate components of the proteostasis network that indirectly affect DF508 CFTR proteostasis (Wang et al. 2006) . Alternatively, or in addition, HDAC inhibitors might alter histone acetylation influencing the epigenome and transcription of the CFTR proteostasis network (Hutt et al. 2010) . In addition, HDAC7 inhibition may reduce the transcription of DF508 CFTR, increasing the proteostasis network capacity by decreasing the folding load on the network (Hutt et al. 2010) .
Compounds of Unknown Mechanism that Likely Influence the Proteostasis Network Alleviate the Phenotypes of Type II Diabetes and Metabolic Syndrome
Proteostasis deficiencies arising from ER folding, trafficking or degradation defects may be at the heart of type II diabetes and metabolic syndrome. In the leptin-deficient ob/ob mouse model of obesity and insulin resistance, complex disease-associated phenotypes showed are alleviated by enhancing ER folding capacity with the small molecule "chemical chaperones" taurine-conjugated ursodeoxycholic acid and 4-phenylbutyrate (4-PBA) (Ozcan et al. 2006) . Oral administration reversed hyperglycemia, increased glucose tolerance, improved insulin receptor signaling and decreased stress inside the ER in response to protein misfolding. Notably, the fatty liver phenotype in the liver also resolved with treatment (Ozcan et al. 2006) . The "chemical chaperone" category of small molecules has been used as a catch-all for compounds of unknown mechanism of action, like 4-PBA (Liu et al. 2004) , and compounds that clearly influence folding by altering the physical chemistry of folding. These osmolytes must be used at very high concentrations to achieve efficacy, but such high concentrations are often observed in normal physiological responses to proteostasis stress (Singer and Lindquist 1998) . Given the striking influence of chemical chaperones on diseases of complex etiology, it is imperative to better discern their beneficial mechanism(s) of action and possible mechanisms of toxicity.
Prolonging the Unfolded Protein Response and Translational Attenuation to Prevent Pancreatic b-Cell Loss Associated with Diabetes
Phosphorylation of eIF2a, resulting from activation of the PERK arm of the UPR (Fig. 10) , generally halts translation as discussed above (Schroder and Kaufman 2005; Ron and Walter 2007) . Phosphorylated eIF2a also selectively promotes translation of the transcription factor ATF4, which targets stress-responsive genes, including the transcription factor CHOP. This, in turn, can promote apoptosis or programmed cell death. One of CHOP's target genes is the regulatory subunit GADD34 or PPP1R15A, which binds to the catalytic domain of protein phosphatase 1 (PP1). The heterodimer made of the protein phosphatase 1 catalytic domain and GADD34 regulatory domain selectively dephosphorylates eIF2a (Fig. 10) . This attenuates phosphorylated eIF2a signaling, facilitating restoration of ribosomal translation following ER stress, providing a negative feedback loop in the PERK stress-responsive signaling arm Genereux and Wiseman 2011) .
Several lines of evidence show that PERK signaling is critical for maintaining ER proteostasis in pancreatic b-cells expressing high levels of insulin (Volchuk and Ron 2010) . Modulation of PERK signaling may alleviate ER stress associated with increased insulin production or misfolding-prone mutant insulin production. Consistent with this hypothesis, in the Akita diabetic mouse model guanabenz protects cells against ER stress induced by the overexpression of a destabilized mutant insulin protein (Tsaytler et al. 2011; Wiseman and Kelly 2011) . Guanabenz binds the GADD34 regulatory phosphatase subunit, preventing GADD34 regulatory phosphatase subunit †PP1 catalytic subunit heterodimer formation required for its phosphatase activity (Fig. 10) . Thus, guanabenz represents a novel approach for inhibiting an emergent activity of a stressresponsive signaling pathway-the phosphatase activity emerging from GADD34 †PP1 heterodimer formation resulting from PERK activation, which represents a key component of the negative feedback loop of the PERK pathway that turns signaling off (Tsaytler et al. 2011; Wiseman and Kelly 2011) . Importantly guanabenz does not bind to the regulatory subunit CReP, thus the CReP †PP1 constitutive phosphatase remains functional to dephosphorylate eIF2a (Fig. 10) . Therefore, guanabenz prolongs PERK signaling and translational attenuation (Schroder and Kaufman 2005) , which is eventually turned off by the CReP †PP1 phosphatase. It will be interesting to see whether prolonged PERK signaling, enabled by guanabenz treatment, is sufficient to restore mutant lysosomal enzyme proteostasis (Sawkar et al. 2006a ) and proteostasis in other loss-of-function diseases resulting from excessive ER misfolding and ER-associated degradation. Guanabenz also has the potential to modulate translational attenuation in response to other cellular stresses, such as oxidative stress that activates alternative eIF2a kinases (Harding et al. 2003; Wek et al. 2006) . If this effect is observed, prolonging PERK signaling has the potential to enhance cellular survival in response to a variety of stresses.
Proteasome Inhibitors and the Heat Shock Response
Proteasome inhibitors induce the unfolded protein response and the heat shock response stress-responsive signaling pathways, apparently inducing apoptosis in plasma cell dyscrasias like multiple myeloma and light chain amyloid disease (Richardson Paul 2004; Richardson Paul and Mitsiades 2005; Mu et al. 2008b; Orlowski and Kuhn 2008; Zhu et al. 2010) . Although much needs to be learned about the mechanism by which these compounds function in cancer, Prolonging an emergent property of stress responsive signaling. Guanabenz prolongs eIF2a-mediated translational attenuation associated with activation of the PERK arm of the unfolded protein response, enhancing proteostasis by decreasing the protein load on the proteostasis network and increasing the folding enzyme and chaperone-cochaperone stoichiometry relative to that of the client proteins. Guanabenz inhibits the GADD34-mediated negative feedback loop by direct binding to GADD34, the regulatory subunit of the phosphatase, preventing its association with protein phosphatase 1 (PP1), the catalytic subunit of the phosphatase. Importantly, guanabenz does not inhibit the constitutive eIF2a phosphatase CReP-PP1 heterodimer, thus translational attenuation ultimately ceases, just more slowly. Several chaperones and folding enzymes residing in the ER, including calnexin, calreticulin, and Bip, are regulated by ER Ca 2þ binding with dissociation constants in the 10 2 -10 3 mM range ( Fig. 11 ) (Baksh and Michalak 1991) . It has been reported by many groups that ER Ca 2þ concentrations are suppressed in individuals with both loss-and gain-of-function misfolding/aggregation diseases (Korkotian et al. 1999; Lloyd-Evans et al. 2003; Futerman and van Meer 2004; Pelled et al. 2005) . Small molecules that inhibit Ca 2þ -induced Ca 2þ release by targeting the L-type Ca 2þ channels in the plasma membrane and/or antagonize the ryanodine receptors that mediate efflux of Ca 2þ from the ER improve the folding, lysosomal trafficking and lysosomal function of mutated enzymes associated with lysosomal storage diseases (Mu et al. 2008a; Ong et al. 2010) . Diltiazem is a particularly potent molecule in this regard, as it inhibits both L-type Ca 2þ channels and the ryanodine Ca 2þ efflux channel harbored in the ER membrane, restoring L444P glucocerebrosidase activity back to approximately 20% of wild type lysosomal activity (Mu et al. 2008a; Ong et al. 2010) . This approach was shown to be useful in patient-derived cells from other lysosomal storage diseases (Ong et al. 2010) . Although the exact mechanism by which Ca 2þ binds to and regulates the function of calnexin, calreticulin, and Bip (the ER Hsp70) is currently unknown, understanding these molecular details will undoubtedly lead to new approaches for posttranslational regulation of the ER proteostasis network (Williams 2006; Brockmeier et al. 2009) . Diltiazem is known to penetrate the brain and has been Figure 11 . Endoplasmic reticulum chaperones appear to be regulated by calcium binding-altering ER calcium levels to regulate chaperone function. Endoplasmic reticulum chaperones including calnexin, calreticulin, and Bip (Hsp70) have Ca 2þ binding sites that appear to be important for regulating the function of these critical chaperones. (Figure kindly provided by Derrick Ong.) used safely for over 30 years to reduce high blood pressure, demonstrating that compounds that adapt proteostasis by chronically increasing ER Ca 2þ concentrations are likely to be safe and effective drugs (Glasser 2006) .
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Activating Proteolytic Degradation by the Lysosome to Reestablish Proteostasis in a Gain-of-Toxic-Function Aggregation Disease
Mutations in a1-antitrypsin, a glycoprotein secreted by the liver, that compromise its folding and secretion can lead to emphysema (loss-of-function of neutrophil elastase inhibition in the lung) or hepatic fibrosis or hepatocellular carcinoma (Lomas and Perlmutter 2010; Perlmutter 2011) . Degeneration of the liver is caused by aggregation and ER accumulation of the so-called Z variant (Glu342Lys) of a1-antitrypsin (Lomas and Perlmutter 2010; Perlmutter 2011) . Because macroautophagic degradation of the ER-localized aggregates of the Z variant of a1-antitrypsin is known to be operational and important, the activation of autophagy was explored as a means of preventing hepatic fibrosis and/or carcinogenesis associated with a1-antitrypsinZ aggregationmediated proteotoxicity (Hidvegi et al. 2010; Perlmutter 2011 ). The autophagy-enhancing drug carbamazepine decreased the hepatic load of the Z variant of a1-antitrypsin and hepatic fibrosis in a murine model (Hidvegi et al. 2010; Perlmutter 2011) . Mechanistic studies indicate that carbamazepine increases both proteasomal and autophagic degradation of the Z variant of a1-antitrypsin. It is interesting that disposal of the Z variant of a1-antitrypsin cannot be accounted for fully in terms of a classical macroautophagy pathway or by proteosomal degradation (Hidvegi et al. 2010; Perlmutter 2011) . That rapamycin does not increase the degradation of the Z variant of a1-antitrypsin implies that carbamazepine likely functions through a TOR-independent autophagy activation pathway. Thus, carbamazepine might be considered for clearing cellular aggregates in other degenerative diseases wherein protein aggregates cause proteotoxicity.
CHEMICAL STRATEGIES TO AMELIORATE MISFOLDING AND AGGREGATION DISEASES Pharmacologic Chaperones to Prevent the Misfolding and Excessive Degradation of Lysosomal Enzymes Folded in the Secretory Pathway
Increased mutant lysosomal enzyme folding, trafficking, and function can be realized at the expense of excessive mutant lysosomal enzyme ER misfolding and ER-associated degradation by using ER-permeable active-site-directed pharmacologic chaperones to stabilize the folded state of the mutant lysosomal enzymes in the ER (Fig. 12) (Sawkar et al. 2002 (Sawkar et al. , 2006a Fan 2003; Yu et al. 2007a) . Mutant lysosomal enzymes have to fold at pH 7 in the ER, yet they have evolved to function around pH 5 in the lysosome. Thus, pharmacologic chaperones that bind strongly pH 7, but weakly at pH 5, are highly desirable to avoid inhibition of the increased concentration of mutant enzyme in the lysosome resulting from pharmacologic chaperoning (Yu et al. 2007a) . Pharmacologic chaperone inhibition of the increased pool of mutant lysosomal enzyme in the ER is also minimized by the lysosomal storage of the substrate (after which these diseases are named), which leads to a very high concentration of the substrate in the lysosome, which outcompetes the pharmacologic chaperone/enzyme inhibitor for binding to the mutant lysosomal enzyme.
Many of the clinically important a-galactosidase A mutants causing the lysosomal storage disorder, Fabry disease, were shown to be folding and trafficking mutants (Ishii et al. 1993) , before this was explored as a possibility in Gaucher's disease. Galactose administration increased Q279E a-galactosidase A residual activity in patient-derived cells, thus galactose was shown to be first active-site-directed pharmacologic chaperone for a lysosomal storage disease. Galactose administration (1 g/kg body weight) every other day proved to be effective enough for a Fabry disease patient harboring the G328R variant to avoid a heart transplant (Frustaci et al. 2001 ). An active-site-directed pharmacologic chaperone for a-galactosidase A is now in phase II/III clinical trials for Fabry disease by Amicus Pharmaceuticals (Fan et al. 1999; Asano et al. 2000; Fan 2003) .
Several glucocerebrosidase variants associated with Gaucher's disease have been shown to be amenable to active-site-directed pharmacologic chaperoning in patient-derived cell lines (Sawkar et al. 2002 (Sawkar et al. , 2006a Lin et al. 2004; Alfonso et al. 2005; Chang et al. 2006; Compain et al. 2006; Steet et al. 2006; Yu et al. 2006 Yu et al. , 2007b . All of the glucocerebrosidase mutants that favorably respond to pharmacologic chaperoning harbor mutations in the active site domain, whereas the L444P mutation, located in the Ig-like domain of glucocerebrosidase, (Dvir et al. 2003; Lieberman et al. 2007 ) is not amenable to pharmacologic chaperoning when treated identically. Mutations in domains remote from the active site domain may be subject to misfolding, despite binding-induced stabilization by the pharmacologic chaperone to the active site domain, especially if the domains are not thermodynamically coupled. We have since shown that even mutations not amenable to pharmacologic chaperoning can be chaperoned when the capacity of the proteostasis network is increased to generate a higher concentration of folded state or near-folded state for the active-sitedirected small molecule pharmacologic chaperones to bind to (Mu et al. 2008b Figure 12 . Pharmacologic chaperone strategy to enhance the folding trafficking and function of misfoldingprone proteins. Pharmacologic chaperone binding stabilizes the folded state of mutant proteins, increasing the population of the folded mutant enzyme ensemble in the endoplasmic reticulum that can engage the trafficking receptor and be trafficked to the lysosome, increasing the mutant enzyme concentration in the lysosome. Mutant enzyme inhibition in the lysosome can be minimized by creating pharmacologic chaperones that bind with much higher affinity at pH 7 than they do at pH 5-the operating pH of the lysosome.
genetically and pathologically linked to several degenerative diseases that selectively compromise postmitotic tissue (Fig. 13) (Colon and Kelly 1992; Lai et al. 1996; Liu et al. 2000; Jiang et al. 2001b; Hammarstrom et al. 2003; Hurshman et al. 2004; Foss et al. 2005; Johnson et al. 2005b; Sekijima et al. 2005) . These so-called amyloid diseases include familial amyloid polyneuropathy (%10,000 patients worldwide) (Andrade 1952) , wherein dissociation of destabilized tetramers composed of one of over 100 destabilized variants of transthyretin leads to amyloidogenesis and the degeneration of the peripheral and autonomic nervous systems (McCutchen et al. 1995; Hammarstrom et al. 2002; Sekijima et al. 2005; Hurshman Babbes et al. 2008) . In senile systemic amyloidosis (affects 15% of humans over the age of 70), extracellular dissociation of the wild type transthyretin tetramer followed by monomer misfolding and amyloidogenesis leads to selective degeneration of the heart (Cornwell et al. 1988; Westermark et al. 1990 ). Heterozygotes expressing transthyretin tetramers comprised of certain mutant and wild type subunits, on tetramer dissociation and misfolded monomer amyloidogenesis are subjected to familial amyloid cardiomyopathy, a very aggressive disease affecting, among other populations, 4% of Africans harboring the Val122Ile mutation (Jacobson et al. 1997; Jiang et al. 2001a; Yamashita et al. 2005) .
The weaker dimer-dimer interface of tetrameric transthryetin comprises two thyroxine binding sites that are unoccupied in humans (Blake et al. 1978; Purkey et al. 2001; Foss et al. 2005; Johnson et al. 2005b ). Occupancy of one of these binding sites with a kinetic stabilizer, a small molecule that binds to transthyretin with high affinity and lacks thyroid agonist or antagonist activity, is sufficient to make the tetramer dissociation barrier insurmountable Figure 13 . Kinetic stabilizer strategy to prevent the misfolding and aggregation of transthyretin into amyloid resulting in the degradation of postmitotic tissue. Rate-limiting transthyretin (TTR) tetramer dissociation proceeding through the dimer shown, monomer misfolding and thermodynamically favorable misassembly into a spectrum of aggregate types, including amyloid fibrils, is genetically and pathologically linked to several degenerative diseases that selectively compromise postmitotic tissue, including the heart and the nervous system. Occupancy of one of the thyroxine binding sites at the weaker dimer-dimer interface with a small molecule kinetic stabilizer (shown in black and red CPKview) is sufficient to make the tetramer dissociation barrier insurmountable under physiological conditions, precluding amyloidogenesis, while still allowing tetrameric TTR to function.
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a004507 under physiological conditions, precluding amyloidogenesis (Miroy et al. 1996; Baures et al. 1998 Baures et al. , 1999 Oza et al. 1999 Oza et al. , 2002 Klabunde et al. 2000; Petrassi et al. 2000 Petrassi et al. , 2005 Green et al. 2003; Hammarstrom et al. 2003; Razavi et al. 2003 Razavi et al. , 2005 Adamski-Werner et al. 2004; Miller et al. 2004; Purkey et al. 2004; Green et al. 2005; Johnson et al. 2005a Johnson et al. ,b, 2008a Johnson et al. ,b, 2009 Wiseman et al. 2005; Sekijima et al. 2006; Tojo et al. 2006; Choi et al. 2010a,b; Connelly et al. 2010) . Tafamidis, a benzoxazole-based transthyretin kinetic stabilizer discovered in academia (Razavi et al. 2003) and developed by FoldRx Pharmaceuticals, showing a 2 nM dissociation constant from transthyretin (Razavi et al. 2003 Figure 14 . Mechanistically distinct manipulators of the proteostasis network can result in additive or synergistic rescue of proteostasis. Coapplication of a small molecule unfolded protein response activator and a pharmacologic chaperone affords a synergistic rescue of mutant lysosomal enzyme proteostasis. A small molecule unfolded protein response activator resculpts the folding free energy diagram of a mutant enzyme and "pushes" more misfolding-prone mutant enzyme toward the native conformational ensemble, while the pharmacologic chaperone binds to the native state of a mutant lysosomal enzyme, stabilizing it and therefore increasing the concentration of the mutant enzyme †pharmacologic chaperone complex, effectively "pulling" more of the mutant protein toward the native state. Treatment of patient-derived cells with a pharmacologic chaperone and an unfolded protein response activator leads to more folding, trafficking and mutant enzyme function than the sum of the individual treatments.
recently successfully completed a phase II/III trial against Val30Met-associated familial amyloid polyneuropathy. That this kinetic stabilizer halts the progression of neurodegeneration in these Val30Met -wt TTR heterozygotes, makes Tafamidis the first drug that alters the underlying etiology of a human amyloid disease. More importantly, this success provides strong support for the amyloid hypothesis-the notion that the process of transthyretin amyloidogenesis causes these degenerative diseases. There are now substantial efforts in multiple pharmaceutical companies applying pharmacologic chaperone and kinetic stabilizer approaches to a spectrum of human amyloid diseases, including those derived from the aggregation of intrinsically disordered proteins.
SYNERGY RESULTING FROM THE COAPPLICATION OF CHEMICAL AND BIOLOGICAL STRATEGIES TO AMELIORATE MISFOLDING AND AGGREGATION DISEASES
The Use of Mechanistically Distinct Proteostasis Regulators or a Proteostasis Regulator and a Pharmacologic Chaperone to Improve Loss-of-Function Misfolding Diseases
Enhancing the capacity of the proteostasis network through unfolded protein response activation is envisioned to minimize protein misfolding and aggregation, enabling more protein to reach the native state through rescuplting of its free energy profile (Fig. 8 ) (Schroder and Kaufman 2005; Ron and Walter 2007; Mu et al. 2008b; Wiseman et al. 2010) . In the case of mutant lysosomal enzymes, unfolded protein response activation is thought to push more mutant enzyme toward the native conformation ( Fig. 8 ) (Mu et al. 2008b ). Thus, coapplication of an unfolded protein response activator and a pharmacologoic chaperone that binds to the native state of a mutant lysosomal enzyme and "pulls" more of the mutant enzyme to the native state has been shown to afford the best mutant lysosomal enzyme proteostasis rescue observed to date (Fig. 14 ) (Mu et al. 2008b) . We propose that numerous loss-of-function diseases will be treated in the future using either a proteostasis network activator and a pharmacologic chaperone or two mechanistically distinct proteostasis network activators (Mu et al. 2008b ).
SUMMARY AND PERSPECTIVE
The real time adaptation of proteostasis network capacity by the stress-responsive signaling pathways is the natural means by which challenges to the proteome are met. Thus, it is our hypothesis that periodic stimulation of the stress-responsive signal pathways, e.g., once a week, may represent a safe and effective mechanism for intervention in loss-and/or gainof-function misfolding and/or aggregation diseases. Small molecules to activate or prolong activation of stress-responsive signaling pathways are being discovered at an impressive rate for applications in specific diseases where stressresponsive signaling has become muted. We predict that these diseases will be treated in the future by combination therapy. One of the molecules is envisioned to be a stress-responsive signaling pathway activator or the like, whereas the other is expected to bind to and stabilize the misfolding-prone or aggregation-predisposed protein.
In some scenarios, it may be best to use two mechanistically distinct proteostasis regulators.
